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Summary

This report presents a parametric study of vibratory rotor hub loads in a nonrotating
system. The study is based on a CAMRAD/JA model constructed for the “growth”
version of the U.S. Army’s UH-60A Black Hawk helicopter (GBH). The GBH is a Mach-
scaled wind tunnel rotor model with high blade twist (—16°). The theoretical hub load
predictions are validated by correlation with available measured data. Effects of various
blade aeroelastic design changes on the harmonic nonrotating frame hub loads at both
low and high forward flight speeds are investigated. The study aims to illustrate some
of the physical mechanisms for change in the harmonic rotor hub loads due to blade

design variations.

Nomenclature
El,, flapwise bending stiffness, (bf- ft?
El., chordwise bending stiffness, bf- ft?
F., F, F, 4P harmonic hub forces in nonrotating frame, lbs
GJ torsional stiffness, Ibf- ft?
M., M,, M, 4P harmonic hub moments in nonrotating frame, ft-lbs
Pky Gk generalized coordinates of blade torsion and bending
R rotor radius, ft
r blade radial coordinate, nondimensionalized on R
I advance ratio
Y rotor azimuth
0 rotor rotational speed, rad/sec
() derivative with respect to time

Introduction

Rotorcraft vibration reduction is a challenge that is receiving the continuous atten-

tion of rotorcraft researchers, Refs [1-15]. Among various efforts to reduce the vibration



(absorbers, isolators, active blade control, etc.), a blade design for low vibration is an
especially attractive approach since it deals with the problem in early design stages
which is cost effective.

A rotorcraft is a complicated dynamic system. The flexible rotor blades encounter
harmonic variations of the relative wind during their rotation in forward flight. Rotor
aeroelastic response generates vibratory hub loads which pass to the nonrotating frame
in harmonics that are a multiple of the number of rotor blades, given that there is no
dissimilarity between blades. Among all other vibration excitation sources (tail rotor,
impingement of rotor downwash on airframe, transmission, etc.), these harmonic hub
loads contribute most significantly to the vehicle vibration. An understanding of the
variation of the vibratory hub loads with design change is valuable as a guide for the
design of low vibration rotorcraft.

There are works on the topic of sensitivity of vibratory hub loads to variations
in blade parameters, Refs. [16-18]. These studies have enriched the design guideline
for low vibration blades. In this report, a comprehensive rotorcraft analysis program
(CAMRAD/JA), Ref. [19], is applied to investigate aeroelastic tailoring of an advanced
rotor blade (GBH). This baseline blade was designed with an advanced aerodynamic
approach. It is both tapered and twisted. The blade twist is as high as —16° which is
much higher than conventional blades (—8°, in general). The blade also has three dif-
ferent sets of airfoils distributed along the span for improved aerodynamic performance.
It is intended that a parametric study of harmonic hub loads can provide some insight
into the dynamic behavior of this aerodynamically advanced rotor. The investigation
is made concerning the effect of blade twist, center-of-gravity offset, aerodynamic cen-
ter offset from the elastic axis, mass and stiffness variation. The influence of altering
design parameters on harmonic hub loads is investigated in both low and high speed
flight since these are two high vibration regions. Where measured data are available,

analytical results are compared to verify the theoretical predictions.



Wind Tunnel Model Rotor Description

The baseline model rotor investigated in this study is a 1/6-size, Mach-scaled rep-
resentation of the “growth” version of the U.S. Army’s UH-60A Black Hawk helicopter
rotor, Ref. [12]. It is a four-bladed articulated rotor with coincident flap and lead-lag
hinges. There is a pitch-flap coupling ratio measured as 0.5.

The baseline rotor blades are tapered with a —16° linear twist, Fig. 1. The blades
use the RC(4)-10, RC(3)-10, and RC(3)-08 airfoils, Refs. [20-21]. The RC(3)-10 and
RC(3)-08 are utilized to improve airfoil performance under compressibility effect and
the RC(4)-10 for airfoil stall behavior. The chordwise center-of-gravity, aerodynamic
center, and elastic axis were coincident and located at the blade quarter-chord. The

detailed blade mass and stiffness properties are listed in Ref. [12].

Analytical Rotor Modeling

A formulation of the rotor hub loads problem should address three essential as-
pects (i.e., elastically deformed rotor blades, airloads exciting the blade dynamics and
influence of blade shed and trailing vorticity on the airloads). The system equations
thus formed are, in general, nonlinear and with periodic time-varying coefficients in
forward flight. These system equations can be solved with various integration schemes,
or through harmonic balance with rotor rotational speed as the fundamental harmonic,
or by a periodic shooting method. The solution attained is associated with a specific set
of rotor control pitch. For a given flight condition, the blade pitch setting is adjusted
until the given flight condition is satisfied which is conventionally called the vehicle trim
process.

Rotor-fuselage interaction is another important issue for the vibratory load predic-
tion. But, this study is based on a wind tunnel rotor model with a fixed rotor hub. The

model constructed from CAMRAD/JA is for an isolated rotor only.

Blade Dynamics

The structural model of the rotor blade for CAMRAD/JA is based on the engi-
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Table 1: Natural frequencies (1/rev) of coupled flap-lag modes

" Modes ” 1st [ 2nd ] 3rd I 4th l 5th ”

calculated || 0.312 | 1.045 | 2.890 | 5.439 | 6.695
measured 2.855 | 5.339 | 6.481

neering beam theory which assumes that the plane normal to the elastic axis remains
a plane, Ref. [19]. This is normally well satisfied for an isotropic rotor blade with
a high aspect ratio. The structural model of CAMRAD/JA includes only the lowest
order terms. Nonlinear effects are accounted for in the inertial and aerodynamic forces.
CAMRADY/JA solves for the blade dynamic response in the modal domain. The blade
is assumed to deform in both flapwise and chordwise directions. The flap and lead-lag
of the blade motions are coupled in the modal calculation. The blade torsion modes are
solved independently. The equations of motion for bending and torsion are, however,

coupled in both airloads and inertial loads analysis.

A T I S T S U S SR S S0

where g, and p; are the generalized coordinates for blade bending and torsion, respec-
tively. The F' are generalized non-aerodynamic forces, and F,. and M, are generalized
aerodynamic forces.

The calculated blade natural frequencies at a typical collective pitch (6°) in the
analysis are presented in Table 1. It is customary in rotorcraft dynamics to use the
1/rev (or 1Q2) to present blade frequencies. The rotor rotational speed is 69.32 rad/sec
(662 rpm) for this study. There are five coupled flap-lag modes. The first mode is for
rigid lag. The second mode is rigid flap. The third and fourth are elastic flap dominated,
and the fifth is mainly of elastic lag motion.

Up to five coupled flap-lag modes are retained for blade dynamic response analysis.
These modes cover a frequency range from 0.3 to 6.70/rev. The calculated elastic
mode (3rd to 5th) frequencies are compared with experimentally measured values in

Table 1. They are in close agreement. Since the following higher bending mode has a
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natural frequency of 9.15/rev, the five coupled flap-lag modes used here are believed
to be sufficient for 4P vibratory loads analysis. One elastic torsion mode is used that
has a frequency of 4.924/rev. The rigid pitch motion due to control link flexibility is
also included. The truncation of the torsional modes are justified as the frequency of
the immediate next higher torsional mode is at 14.37/rev. The validation of the mode

choice is presented in later section of the paper.
Rotor Aerodynamics

In forward flight, a rotor blade encounters 1/rev variation in velocity tangential to
its rotational plane. This comes together with highly nonuniform and rapid variation
of induced flow normal to the blade due to rotor vortex wake. They are responsible for
harmonic airloads, the excitation forces for rotor vibration. Dynamic stall of the rotor
blade during high speed forward flight or maneuvering of helicopters is another source
of vibratory airload. The dynamic stall, however, is not modeled in this study since it
is not a concern of all the cases investigated.

Therefore, the rotor vortex wake is a primary modeling issue for the harmonic ro-
tor hub load calculation. CAMRAD/JA calculates rotor airloads using blade element
theory, Ref. [19]. The analysis of airfoil two-dimensional aerodynamic characteristics
is modified to account for the effects of reverse flow, yawed flow, and blade tip flow.
The rotor three-dimensional nonuniform induced inflow is calculated using a vortex
wake model. Both prescribed and free (distorted) wakes have been investigated. CAM-
RAD/JA models the wake as near wake, rolling up wake, and far wake. The near wake
includes both trailed and shed vorticity. The rolling up wake describes rolling up pro-
cess of the trailing vorticity. The details of the roll-up process, such as the starting
location of the roll-up, the strength of the tip vortex, and the vortex core radius, are
modeled, not calculated. The far wake models the rolled-up tip vortex. The GBH rotor
blades have a high negative twist (-16 degrees). This results in negative loading at the
advancing blade tip. Therefore, a model with double circulation peaks is employed by
CAMRAD/JA to allow proper modeling of the negative tip loading.



Trim Solution

There are two tasks involved in the trim solution for the harmonic rotor hub loads
calculation. First, the blade pitch control required for a specified flight condition is
calculated. Then, a periodic rotor response is solved for the control applied. It is, in
fact, an iterative process where both the control satisfying the flight state and periodicity
of rotor response associated with the control are converged.

The blade pitch control applied to achieve the specified flight condition is computed
with the Newton-Raphson method. For the GBH rotor test case, the wind tunnel trim
is utilized with rotor thrust, rotor drag, and the tip-path-plane orientation as the trim
target. Thus, the corresponding trim variables are rotor collective pitch, longitudinal
and lateral cyclic pitch, and rotor shaft angle. The shaft angle is added as a trim
variable for consideration of forward flight influence.

The periodic motion for the applied blade pitch control is calculated using the har-
monic balance method. The integration of the rotor equations of motion advances
around the rotor azimuth, calculating the forcing function in the time-domain and then
updating the harmonics of the motion at each time step. The harmonic rotor hub loads

are obtained when both rotor control and periodicity of rotor motion are converged.

Validation of the Analytical Model

The first results are attained for 4P vertical shear of the baseline GBH rotor model.
The harmonic vertical shear are calculated for a thrust solidity ratio of Cr/o = 0.058
at various advance ratios. The rotor is trimmed such that there is no first harmonic
flapping with respect to the shaft. With a prescribed wake model, the variation of the
4P vertical shear with advance ratio follows the trend of measured data, Fig. 2. They
both show the peaks at both high and low flight speed. The 4P vertical shear between
the predicted and wind tunnel measured data are fairly well correlated. The 4P roll and
pitch moments at fixed system (21 inches below the rotor hub) have also been compared
to the measured data, Figs. 3-4. There are correlations between the predicted and the

measured. The predicted trends agree well with the measured data. Some discrepancy
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occurs at low speed (u = 0.10) with the prescribed wake model. A distorted free wake
provides improvement, Fig. 5. The free wake model improves the prediction at low
forward flight speed in its ability to model the highly-distorted rotor wake at the low
speed. It does, however, often present a solution convergence problem. It has also a
larger error at the cruise speed (around g = 0.20), Fig. 5. To further illustrate the
importance of using an appropriate wake model in harmonic rotor hub load calculation,
Fig. 6 compares the results from three different wake models. The double circulation
peak model was designed for application to the case with negative tip loadings, Ref.
[19]. For this highly twisted blade (—16°), there exists a negative aerodynamic loading
around the advancing tip region under the flight conditions investigated. As shown
in Fig. 6, this double peak modeling captures the physical behavior of the wake and
improves the prediction significantly as compared to the conventional single peak model.
Fig. 6 also presents the results from linear inflow modeling of Coleman and Feingold,
Ref. [22]. This linear inflow model neglects both the higher harmonic variation and
higher order radial distribution of the induced inflow which are major excitation sources
of rotor vibration. It is obvious from the figure that the linear inflow model can provide
no accurate hub vibratory load information.

The effect of structural dynamics on harmonic hub loads is presented in Fig. 7. The
results from three modelings are shown. The basic modeling has five coupled flap-lag
modes and one elastic torsion mode (plus a rigid blade pitch motion) as discussed in
the previous section (“Analytical Rotor Modeling”). The second modeling adds one
more higher bending mode (9.15/rev); the last one adds both the higher bending and a
higher torsion mode (14.37/rev). As seen from the figure, the results show very minor
difference from adding higher structural modes. This indicates that the basic blade

structural dynamics model used in this study is sufficient.

Parametric Study of Aeroelastic Tailoring

A parametric study is performed on the GBH model rotor to investigate the effect

of rotor aeroelastic tailoring on harmonic rotor hub loads. The blade variables include



the blade twist, the offset of both chordwise center-of-gravity (c.g.) and aerodynamic
center (a.c.) from the elastic axis, nonstructural mass placement, and blade bending
and torsional stiffness distributions.

The vibratory rotor hub loads in a nonrotating frame are obtained from the summa-
tion of the rotor hub reactions over each blade in the rotating frame. Based on the sum
of harmonics, for a four-bladed rotor in a steady periodic response, 3P and 5P in-plane
root shears of each rotating blade are passed to the nonrotating frame as a 4P vibratory
longitudinal force (F;) and side force (F,). Similarly, only 3P and 5P root moments
contribute to the 4P roll (M,) and pitch (M,) moments at the nonrotating frame. The

4P vertical shear F, and yaw moment M, result from 4P loads in the rotating frame.

Effect of Twist

It is known that blade twist is used to lower rotor power required to improve its
aerodynamic performance. This improvement is achieved by redistributing spanwise
blade load to reduce both rotor induced and profile drag. Figure 8 shows spanwise
distribution of blade sectional normal force for three differently twisted blades under
the same trim condition. The more twisted blade has a lighter loading at the tip region.
The tip loading with high twist (—12° and —16°) even becomes negative. Fig. 8 presents
the blade normal loading at advancing azimuthal location (¥ = 90°). Similar trends
exist for the spanwise variation of blade loadings for other rotor azimuthal locations.

The twist also increases the blade flap-lag coupling. Among all the five coupled
flap-lag modes, a significant increase in flap-lag coupling occurs with the fifth mode
which is dominated by an in-plane lead-lag motion. Increased twist adds a significant
amount of flapping motion to this mode, Fig. 9.

Although there is no change in the frequency and mode shape of the torsional mode
due to the blade twist, the blade torsional response is affected by the twist, Fig. 10. The
larger twist causes a greater blade torsional response which compensates blade pitch
control for a given trim condition.

These changes due to the twist result in an unfavorable impact of high twist on

vibratory rotor hub loads. Figure 11 shows the hub loads for these different twisted
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configurations at p = 0.30. All components of the 4P vibratory hub loads, except the
pitch moment, increase with the blade twist. The largest increase occurs in 4P vertical
shear and yaw moment. The twist effect on harmonic hub loads at low flight speed

(¢ = 0.10) is presented in Fig. 12, the same trend is seen.

Effect of Chordwise C.G. Offset

For prevention of classical bending-torsion flutter, it is beneficial for the chordwise
center-of-gravity (c.g.) to be forward of the elastic axis. For blade dynamic response,
the effective c.g. offset is proportional to the mass weighted bending-torsion coupling.
To examine the effect on harmonic hub loads of the chordwise c.g. offset, the c.g. is
moved 10% of the chord length forward of and aft of the elastic axis along the blade
radial stations from 0.40R to 0.50R. The former is denoted as “CG45(+)”, while the
latter is “CG45(-)”. These two cases correspond to the anti-node region of the third
blade flap-lag mode. As mentioned, the baseline blade has a coincidence of chordwise
center-of-gravity, aerodynamic center, and elastic axis.

The results in Figs. 13-14 show that moving the chordwise c.g. forward of the
elastic axis results in lower vibratory loads than that of placing the c.g. aft of the
elastic axis. This is due to the flap-torsion inertial coupling effect that causes a phase
change in blade torsional response shown in Figs. 15-16. The torsional response for the
c.g. forward of the elastic axis oscillates out-of-phase with the case when the c.g. is aft
of the elastic axis. This explains why the c.g. movement across the elastic axis affects
the harmonic hub loads differently. A chordwise c.g. located forward of the elastic axis
has an advantage for lower vibratory hub loads.

A chordwise c.g. offset movement has also been investigated at blade stations from
0.6R to 0.7R which are related to the anti-node region of the 4th coupled flap-lag mode.
A similar trend exists with only a minor difference in the in-plane shears as compared

to the previous cases.

Effect of Aerodynamic Center Offset

The offset of aerodynamic center (a.c.) from the elastic axis could be, in fact,
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realized by adjusting chordwise location of the blade section twist center. The influence
of aerodynamic center movement on harmonic hub loads is caused by a change in blade
torsional response due to sectional aerodynamic pitching moment. For this study, the
aerodynamic center at 0.6R to 0.7R blade stations are moved 10% of the chord length
forward (denoted as “AC67(+)”) or after (denoted as “AC67(-)") the elastic axis to
examine the effect on harmonic hub loads.

Figures 17-18 compare the harmonic hub loads for these two modifications with
the baseline configuration. The aerodynamic center located after the elastic axis is,
in general, beneficial to vibratory loads reduction for both high (x = 0.3) and low
(p = 0.10) forward flight speed. There are exceptions for longitudinal force (F;) and
rolling moment (M,) at g = 0.3 and pitching moment (M,) at g = 0.10. Unlike the
effect of chordwise c.g. offset, the aerodynamic center offset mainly changes the mean

of the blade torsional response and not the phase shift as shown in Figs. 19-20.
Effect of Addition of Mass

Mass tuning is another way to reduce rotor vibration. Adding nonstructural masses
alters both blade natural frequencies and mode shapes, and thus affects the blade dy-
namic response.

In this investigation, the effect of masses added at three different blade spanwise
locations are examined and compared to experimentally measured data from Ref. [12].
For comparison, the same amount of concentrated mass as in the experiment is placed
at 0.30R, 0.50R, and 0.85R radial locations, respectively. For identification, these
configurations with added mass are denoted as “M30”, “M50”, and “M85” accordingly.
The mass weighs 0.00838 slug and represents 8.7% of total blade mass. Table 2 shows
the influence of the added mass on natural frequencies of coupled flap-lag modes. There
is no effect of the added mass on the torsion modes.

It is noted that mass added at 0.30R lowers the natural frequencies of all three
elastic modes (3rd to 5th modes). This is due to the fact that the mass added in-

board increases the modal mass. This added mass has little effect on the first two
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Table 2: Variation of blade frequencies with added mass

” Modes " 1st | 2nd ] 3rd l 4th I 5th ”

Baseline || 0.312 | 1.045 | 2.890 | 5.439 | 6.695
M30 0.315 | 1.045 | 2.778 | 5.186 | 6.354
M50 0.314 | 1.046 | 2.778 | 5.467 | 6.419
M85 0.256 | 1.030 | 2.944 | 5.512 | 6.297

rigid blade modes. The mass placed at 0.50R has a similar effect except for the 4th
mode frequency. The mass placed at 0.85R, however, increases the 3rd and 4th mode
frequencies because of dominant centrifugal stiffening effect outboard and decreases the
first lag mode frequency due to the increased modal mass.

The blade elastic mode shapes are strongly affected by the addition of masses. The
changes of mode shapes directly alter the modal generalized forces. Figure 21 presents
the generalized force variation for the third flap-lag mode. Both “M30” and “M50” con-
figurations have a smaller magnitude of the forcing function than the baseline, whereas
“M85” configuration stays nearly the same mean magnitude. From a harmonic analy-
sis, it is found that “M30” and “M50” modifications create a phase shift in the third
harmonic component of the generalized force. The effect of these additional masses
on the generalized force of the fourth mode is shown in Fig. 22. Also based on the
results from a harmonic analysis, the “M85” modification causes a smaller amplitude
of the third harmonic, a phase shift in the fourth harmonic of the generalized force
and a much smaller mean magnitude also. The “M30” lowers the mean magnitude of
the generalized force. The effects of the “M50” is not significant on this mode. The
fifth mode is a strongly coupled flap-lag motion. The “M30” modification decreases the
mean magnitude of the generalized force related to its flapping component and causes
a phase shift in its fifth harmonic, Fig. 23. The magnitude of the forcing function
associated with the lag motion component of the fifth mode is decreased by the “M30”
modification, Fig. 24. The “M50” has a similar effect as the “M30” on the fifth mode

except there is no large phase shift. The “M85” configuration mainly affects the phase
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Table 3: Variation of blade frequencies with flapwise stiffness

| Modes || 1st | 2nd | 3rd | 4th | 5th I
Baseline || 0.312 | 1.045 | 2.890 | 5.439 | 6.695
Elzz(+) || 0.312 | 1.045 | 2.913 | 5.455 | 6.696
Elzz(-) {1 0.312 | 1.045 | 2.863 | 5.418 | 6.693

of 4th and 5th harmonic of the generalized force for the lag motion of the fifth mode.
It also increases the mean magnitude of the flap component of the generalized force.
Figures 25-26 show the impact of mass tuning on 4P hub loads. Among three
different mass placements, the mass placed at 0.50R reduces all six components of
harmonic hub loads simultaneously at ¢ = 0.30. It has the same effect at y = 0.10
except for the pitching moment (M,). The mass placed at 0.85R reduces the 4P shears,
but increases the roll and pitch moments significantly. The effect of adding mass at
0.3R results in a slight increase of most vibratory load components at g = 0.30, but
reduces vibratory loads at g = 0.10. The experimental data available for validation are
the 4P vertical shear measurement. These wind tunnel measured data are presented in

Fig. 27. The trend of mass tuning effect agrees well with the analytical prediction.
Effect of Flapwise Bending Stiffness

Within the limit of satisfying blade strength requirements, a low harmonic hub load
may also be obtained through an appropriate blade stiffness distribution. Two cases are
tested to investigate the effect on harmonic hub loads of blade flapwise bending stiffness.
The blade flapwise bending stiffness is varied for £20% at 0.4R to 0.6R locations which
correspond to maximum flapwise bending curvature of the third mode. These two cases
are denoted as “Elzz(+)” and “Elzz(-)” respectively.

The results show very minor change of blade natural frequencies, Table 3. Both
blade natural frequencies and mode shapes are not as sensitive to the flapwise stiffness
perturbation as for the cases of mass tuning. The same amount of change in flapwise

bending stiffness at 0.7R to 0.8R locations, where the maximum bending curvature of
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the 4th mode is located, is also investigated. Only minor change in blade dynamic
characteristics occurs. This may be due to the fact that centrifugal stiffness affects
blade bending behavior more than the flapwise stiffness.

There are, however, aeroelastic coupling effect due to the flapwise bending stiffness
perturbation. This can be seen in Fig. 28. For the case of u = 0.30, lowering the
stiffness alters the flapwise component of generalized force of the third mode. This
results in an increase of 4P hub side force (F;) and rolling moment (M,) , Fig. 29. For
the low flight speed case (¢ = 0.10), both increase or decrease of the bending stiffness
influence the generalized force, Fig. 30. The changes, however, mainly occur at first
quadrant of the rotor disk which implies a coupling with the rotor wake effect. This
results in a 4P shear reduction from lowering the bending stiffness, Fig. 31. Also, F,

and M, are both reduced from an increase or decrease of the bending stiffness.
Effect of Chordwise Bending Stiffness

The chordwise bending stiffness along 0.4R to 0.6R radial stations is changed by
+20% to investigate its effect on harmonic hub loads, denoted as “Elxx(+)” and “Elxx(-
)”, respectively. The 0.4R to 0.6 R locations correspond to maximum chordwise bending
curvature of the fiftth mode and maximum flapwise bending curvature of the third mode
also.

For p = 0.30, there is no remarkable change in harmonic rotor hub loads from this
chordwise bending stiffness modification. It does, however, show the reduction trend of
in-plane shears (F, and F,) and yaw moment (M,) from lowering chordwise bending
stiffness, Fig. 32. The trend is, however, different for p = 0.10, Fig. 33. This is
explained by the coupling with the wake effect as indicated in Fig. 34. The figure
shows a change of the generalized force of the third bending mode in the first quadrant
of the rotor disk. This change only exists with the low speed case (¢ = 0.10), where
the wake effect is significant. For the high speed case (g = 0.30), there is not this type

of change from the perturbation of the chordwise bending stiffness.
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Effect of Torsion Stiffness Variation

The torsional stiffness from 0.3R to 0.8R radial stations is increased or decreased by
20% to investigate its influence on vibratory hub loads. These two cases are denoted as
“GJ(+)” and “GJ(-)”, respectively.

The change of blade torsional stiffness results in a shift of the natural frequency of the
first blade elastic torsional mode. Increasing torsional stiffness raises the frequency from
4.924 /rev to 5.208 /rev, whereas decreasing the torsional stiffness lowers the frequency to
4.759 /rev. Their effect on harmonic hub loads are different, Figs. 35-36. For this model
rotor, decreasing torsional stiffness is beneficial to the reduction of harmonic shears and
rolling moment, but not the pitching moment at low speed. Increasing torsional stiffness

increases shear and rolling moment at higher speed.

Conclusions

A parametric study of vibratory rotor hub loads has been performed on an aero-
dynamically advanced model rotor which has a various airfoil distribution and a high
blade twist. The following conclusions can be made from this investigation.

1. A higher blade twist results in a higher rotor vibration.

2. Altering the torsional response is effective for vibration reduction.

3. Accepting a weight penalty, mass tuning is also effective.

4. Bending stiffness modification for vibration reduction is less effective.

5. It seems there is no single method to reduce all six components of vibratory hub
loads simultaneously by a significant amount. Different design variables (both
aerodynamic and structural dynamic parameters) need to be appropriately com-

bined to achieve overall vibration reduction.
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